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NMTONAL ADVISORY COWTTEE FOR

RESEARCH MEMORANDUM

mmcfw PERFORMANCE OF JT-4 FUEL WITH A

AERONAUTICS

70-PERcENT-nuom -

30-PERCENT-OXYGENMIXTURE AS A ROCKET PROPELLANT

I - FROZEN COMPOSITION

By Sanford Gordon and Vesrl N. Huff

Theoretical rocket.performance was calculated for JT-4 fuel w+th an
oxidant containing 70.37 percent liquid fluorine and 29.63 percent liq-
uid oxygen by weight (fluorine-to-oxygenatom ratio of 2). Frozen com-
position was assumed during the expansion process. Data were calculated
for two chamber pressures and for several pressure ratios and oxidant-
fuel ratioa.

‘me parameters included are specific impulse, combustion-cham~r
temperature, nozzle-exit temperature, molecular weight, character stic
velocity, coefficient of thrust, ratio of”nozzle-exit area to throat
area, specific heat at constant pressure, isentropic exponent, coeffi-
cient of viscosity, and coefficient of thermal conductivity. A correla-
tion is given for the effect of chamberpressure on several of.the
psmameters.

lhe maximum values of specific impulse for chamber pressures of 600
and 300 pounds per square inch absoltie with an exit pressure of 1 atmos-
phere were 301.1 and 278.2 pound-seconds per pound, respectively.

“w

INTRODUCTION

Iii.quid-fluorine - liquid-oxygen mixtures with JT-4 fuel have been
considered recently as possible high-energy rocket propellants (refs. 1
to 5). ‘BetterP-etiormancemay be obtained from hydrocarbon fuels with
certain fluofine-oxygen ndxtures than with either 100 percent fluorine
or oxygen. The reason for this is that fluorine burns preferentially
with hydrogen, and oxygen with carbon. This is fortunate in that the
alternative formation of water instead of hydrogen fluoride would lead
to lower combustion temperat~s, and the formation of carkcm tetrafluo-
ride instead of c=bon monoxide would lead to higher molecular weight.
The result would then have been a lower ratio of temperature to molecu-
lar weight tith a correspondingly lower performance.

~“-...—-—.-———.-—.———.—--—--————————.-———----————.--—----—-—-—----



2 + NACA RM &6A13a

According to data in reference 6, the optimm oxidant mixture with
JP-4 fuel is about 70 percent fluorine and 30 percent oxygen by weight.
Additional data were computed for JP-4 fuel with an oxidant containing
70.37 percent fluorine and 29.63 percent oxygen by weight (fluorine-to-
oxygen atom ratio of 2) for both frozen and equilibrium composition dur-
ing expansion. These data, which cover a wide range of oxidant-fuel
ratios and pressure ratios, were calculated to aid in rocket design and
for comparison with experimental results.

The present report presents the data ~btained for two chamber pres-
sures on the basis of frozen composition during expansion. A correlation
is given wlxichpermits the determination of specific impulse, character-
istic velocity, ratio of nozzle-exit srea to throat area, combustion-
chamber temperqlnme, and nozzle-exit temperature for a wide range of
chwibsr pressures.

The fOllowing

●

‘2) ““”

.

SYMBOLS

symbols are used in this report:

nozzle area, sq in. ~

local velocity of sound (velocity of flow at throat),
ft~sec

coefficient of thrust; CF = gJ/c* = F/PC~

molar specific heat at constant pressure, cal/(mole)(%)

~ni(c~)i
8pecific heat at constant pr’ess~e, M(I - @ j cal/(g) (%)

specific heat at constant volume

oheracteri.sticvelocity,

thrust, lb

functions ‘

gravitational conversion

sum of sensible enthalpy

f=~or, 32.174 ~?%e)(~)
and chemical ener~, cal/mole

In
m.
u)
to

.-
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NACA RM E56A13a 3

h sum of sensible enthalpy and chemical ener~ per uuit mass,

~ % @!?~i ~~/g

“-’

I specific impulse, lb force-see/lb mass

k coefficient of thermal conductivity, cal/(sec)(cm)(°K)
w
z ~ %“iw

M molecular weight, ~ - nk J g/g-mole or lb/lb-mole

n mole fraction

nc*

%

ne

P

P

R

r

ckteristic-velocity exponent,~~~

specific-impulseexponent for fixed presswe ratio,
/.410sLI \

(’lo~pc)pc/p

temperature exponent for fixed pressure ratio,

@R:Jpc,p

area-ratio exponent for fixed pressure ratio,

()
—

A log e

A 10g ‘c Pc/P

oxhiant-to-fuelweight ratio

static pressure (sum of partial pressures), lb/sq in.

partial pressure, lb/sq in.

universal gas constant (consistentunits)

equivalence ratio, ratio of four times the number of csr-
bon atoms plus the number of hydrogen atcm to two times
the number of oxygen atoms plus the number of fluorine

atoms, 3%+3

—.-..—. .—. ...— — .—-—.. -—————.——z— . . . ——. = _ .——. .—. . —



4 NACA RM E56A1.3a

s; entropy at pressure of 1 atmosphere, cal/(mole)(OK)

T temperature, %

w mass-flow rate, lb/see

r

&

P

P

Subscripts:

c

e

i

J

k

o

P

PJP

()a log P
isentr@ic exponent, - s

ratio of nozzle area to throat area, A/~

density, lb/cu in.

coefficient of viscosity, g/(cm)(sec) = poises

combustion chamber

nozzle exit

product of”combustion including both gaseous and solid
phases

gaseous product of combustion

solid product of combustion (graphite)

conditions at 0° K

constant pressure

constant pressure ratio

s constant entropy

t nozzle throat

1 reference point
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CALCULMION OF PERFORMANCE DATA

Performance data
of equivalence ratios
pansion was assumed.

The computations

were obtained for two chamber pressus for a range
and pressure ratios. Frozen composition during ex-

were carried out by the method ‘describedin refer-
ence 7 with edifications to adapt it for use with an IBM card-progm?med
electronic calculator. The machine was operated with floating-decimal- .
point notation and eight significant figures. The successive approxima-
tion process used in the calculations was continued until seven-figure
accuracy was reached in the desired values of the
(mass balance and pressme).

Assumptions

The calculations were based on the following
perfect gas law, adiabatic combustion at constant

assigned parameters

usual assumptions:
pressure, isentropic

expansion, no friction, homogeneous mixing, and one-dimensionalflow.
The products of combustion were assumed to & graphite and the following
ideal gases: atomic carbon C, carbon monofluoride Cl?,carbon difluoride

‘2J carbon tflluoride @3y carbon tetrsfluoride CF4, difluoroacetylene

c#2, methane ~4) carbon monoxide CO, carbon dioxide C02, atomic fluo-

rine F, fluorine F2, atomic hydrogen H, hydrogen H2, hydrogen fluoride

HF, water H20, atomic oxygen O, oxygen 02, and the ‘hydroxylradical OH.

The conibustionproducts sre assumed to be completely expanded within the
exit nozzle; that is, aribient

The graphite was assmed
and velocity equilibrium with

pressure equals exit

to be finely divided
the gases during the

pressure.

and in temperature
flow process.

Initial &ta

Thermodynamic data. - The thermodynamic data for all combustion
products except graphite, methane, the fluorocsrbons, and water were
taken from reierenc; 7. -Data for-graphite were taken from reference 8,
for csrbon monofluoride from reference 9, for the remainder of the
fluorocarbons from reference 10, and for water from reference 11. Data
for methane were determined by the rigid-rotator - harmonic-oscillator
approximation using spectroscopic data from reference 12. The base used
in this report for assigning absolute values to enthalpy is the same as
in reference 7. .

The dissociation energy of fluorine was taken to be 35.6 kilocalo-
ries per mole and the heat of sublimation of graphite at 298.16° K was
taken to be 171.698 kilocalories per mole (ref. 13). The heat of solu-
tion of oxygen and fluorine was taken to be zero.

,

.
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6

Physical and thermocheudcal data. - The properties of the fuel used
in these calculations are typicsl of the JT-4 fuel delivered to this
laboratory over a period of 2 years. The JT-4 fuel was as-d to have
a hydrogen-to-cabon weight ratio of 0.163 (atom ratio of 1.942), a lower
heat of combustion value of 18,640 Btu per pound, and a specific gravity
of 0.769. Additional properties of jet fuels may be found in reference
14.

The oxidant used in these ‘calculationsis a mixture contdming 70.37
percent liquid fluorine and 29.63 percent liquid oxygen by weight
(fluorine-to-oxygenatom ratio of 2).

~
Several properties cK the otidants %

taken from references 7, 13, 15, and 16 =e listed in table I.

Viscosity data. - The viscosity data for the individual combustion
products were either taken from the literature when avtilabl.e,or esti-
mated. m viscosities of F, H, 1$, HF, N, and N2 - Sven in reference

17. The viscosities of the remaining substances except ~0 were calcu-

lated using similar techniques. The viscosity of ~0 was obtained from

a modified Sutherland equation (ref. 18).

Computation of Combustion Conditions

Combustion pressure was assigned (300 or 600 lb/sq in. abs). At
this assigned pressure, the composition ni; enthalpy h (includingboth

chemical and sensible energy), and entropy s were determined for three
temperatis at 100° K intervals. The temperatures were chosen to band
the assigned value of enthalpy for the propellant mixture hc. T& for-
mulas used to calculate h and s are (ref. 7)

~ni($)i 1.98718~ Pj in pJ/14.696

‘=~- PM

Combustion composition corresponding to hc was obtained by ordi-
nary three-point interpolation of composition as Q function of h. En-
tropy sc corresponding to hc was obtained by means of a three-point

three-slow interpolation of s as a function of h. The slope was ob- -
tained by means of the thermodynamic relation

.
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()a6aip=$ (3)

It is convenient to treat the products of combustion (sometims a
mixture of solid graphite and ideal gases) as a single homogeneous fluid.
Therefore, the molecular weight of the couibustionproducts M is defined
as tb weight of a sample (includingboth gases and solid graphite) di-
vided by the number of moles of gas, as given by the formula

This value of

provided the solid

pi%
M =—

1-%

M is suitable for use in the gas law

(4)

(5)

phase is included in the density. Such a fluid will
exhibit ideal properties as long as the volume of the gases is large with
respect to the volume of the solid phase. ~S procedure is also con-
sistent with the assumption that the solid particles are small enough to
be considered gas molecules of extremely large molecular weight.

Computation of Ht Conditions

Calculation of parameters at assigned temperatures. - Exit temper-
atureswere selected at 3000 or 40@ K intervals to cover the range of
pressure ratios from 1 to 1500. At these selected temperatures, the
following data were ccmputed assuming isentropic expansion and frozen
composition: pressm, enthalpy, specific heat at constant pressure,
isentropic exponent, viscosity, thermal conductivity, nozzle area ratio,
co-efficientof thrust,-and specific impulse.

Interpolation of throat pressure. - A cu%ic equation in terms of
in P was derived from the foll.owingfunction and its first derivative
using the data at two assigned temperatures:

function, fl = in f2 = ln~+~-~

% !!2
first derivative, ~ = —

( )
Y+ l+*

‘2

(Values for dT/d in P were found by a nwrical method.)

. . .. . .-.. . ..— .-—.— ————- ——— . -- -— —-— — .— -.. _— ______ _.-. —



8 NACA RM E56A13a

The two temperatwes were selected to band the throat temperate.
The pressure at the throat was found by interpolating in P as a func-

()

hc h
tion of fl for the point fl = l.n~ - ~ . At this point the veloc-

ity of flow equals the velocity of sound.

Interpolation of enthalpy. - Enthalpies were interpolated for a se-
ries of pressures including the throat pressure by means of quartic equa-
tions in terms of in P. Each of the “qusrticequations used was derived
from data at two successive assigned temperatures and used to interpolate
those points within the temperature interval. The data used in forming
each quartic were the following function at one of the assigned tempera-
tures‘and its first and second–derivativesat

function, f3 = #

‘3
first derivativey d In p

d?f3
second derivative,

(d la P)2 =

both assigned-tempera&es:

T=-
M

()

TT-1
ET

Interpolation of temperature. - Temperatures were interpolated for
a series of pressures including the throat pressure by means of cubic
equations in terms of in P. Each of the cubic equations used was de-
rived from data at two successive assigned temperatures and used to
interpolate those points within the temperature interval. The data used

‘in forming each cubic were the following function and its first deriva-
tive at both assigned temperatures: -

function, f4 = in T

‘4
first derivative, ~ =

Interpolation of spcif ic heat. - Specific heats were interpolated
for a series of pressures includiug the throat pressure by means of cubic
equations in terms of in P. Each of the cubic equations used was de-
rived from values of specific heat for four successive temperatms and
used to interpolate those points within the interval of the two middle
temperatures.

.I

Accuracy of interpolation. - The errors due to interpolation were
checked for several cases. The values presented for enthall.py,entropy,
and specific impulse appem to be correctly computed to all figures

.

.-
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tabulated, while the remaining parameters may in some cases be in error
by one or two figures in the last place tabulated. However, because of
uncertainties in the thermodynamic data used, all values are Probablv
tabulated to more

The formulas
are as follows:

Specific impulse,

pkces than =e entirely significant. - “

Formulas

used in computing the vnious performance parameters

lb force-see/lb mss

1=2“.’8/=
Throat mea per unit flow rate, (sq in.)(see)/lb

Character stic

Coefficient of

~ 2781.6 ~ “
—=
w P&a

velocity, ft/sec

* = gcpc(AJw)c = 32.174 pc(~/w)

thrust

gC1 32.174 I
CF === C*

Nozzle area per uuit flow rate, (sqin. )(sec)/lb

A_= 86.455 T
w

Ratio of nozzle-efit area to throat area

-+

. Aw
& ~w

Specific heat at constant pressure, cal/(g)(%)

(6)

(7)

(8)

(9)

(lo)

(IL)

(12)

. . —— —-—-——. —-— —. .—-—.-——— -. —-——- ——. .——. .-—



10

Isentropic exponent

Cm’mmmm?

, P-)10 P
T=

CP CP=— =—

10gps %-; Cv

(when the composition is frozen)

Coefficient of viscosity, poises

S

COsfficient of thermal conductivity,

(k=~c
P

d“ d

cal/(see)(cm)(%)

I@A IW E56A13a ‘

5R
‘Zfi )

(13)

m
m
(n
N1

(14)

(15) .

The values d viscosity and thermal conductivity for mixhres of com-
bustion gases calculatedly means of equations (14) and (15) are only ap- -
proximate. When more reliable transport properties for the various prod-
ucts of combustion become available, a more rigorous procedure for
computing the properties of mixtures may also be justified. When solid
graphite was present among the combustion products, it was omitted from
equation (14).

.

THEORETICAL PERFORMANCE DATA

Tables

The calculated values of the performance parameters are @ven in
tables II to VI. The properties of gases in the combustion chamber and
the characteristic velocity are given in table II for each chamber pres-
sure and equivalence ratio. Tbble III presents the values of performance
parameters at assigned temperatures and constant entropy. These values
were computed directly and used to interpolate Properties for assi~ed
pressure ratios. The first temperature for each equivalence ratio is
greater than the combustion temperature and represents an isentropic com-
pression from combustion conditions. The data for t~s temperature were
used for interpolation. The values of viscosity and thermal conductivity
of the mixture sre also @ven in this table as a function of temperature.

The performance parameters for small pressure ratios from 1 to 8 are .
given in table IV. These properties permit computations within the rocket

——— ..—-
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nozzle and for finite combustion-chamber diamters. Properties at the
throat may be found where & = 1.000. The values adjacent to the throat
correspond to pressures which are 1.2 and 0.8 timss the throat pressure.

The performance parameters for pressure ratios from 10 to 1500 sre
given in table V. Tbis table gives sufficient data to permit interpola-
tion of complete data for any presswe ratio within the range tabulated.

The specifit-impulse and area-ratio values for expansion from cham-
ber pressure to 1 atmosphere are summarized in table VI. The maximum
values calculated for specific impulse for chamber pressures of 600 and’
300 pounds per square inch absolute me 301.1 and 278.2, respectively,
at 20.7 weight percent fuel. l%is mixture corresponds closely to the
chemically correct mbrbure for the formation of carbon monoxide and hy-
drogen fluoride.

Curves

The performance
pressures of 600 and

Paxw&ers are plotted in figures 1 to 5 for chamber
300 pounds per square inch absolute.

Curves of specific impulse are presented in figure 1 for pressure
ratios from 10 to 1500 as functions of weight percent fuel. The msxiulum
values occur at about 20.5 weight percent fuel. The exponent ~ is

also shown.

Curves of
ratios from 10
percent fuel.

Curves of

&

combustion temperature and exit temperature for pressure
to 1500 are plotted in figure 2 as functions of weight
The exponent ~ is also shown.

the ratio of nozzle area to throat area are plotted in
figure 3 for pressure ratios from 10 to 15~ as functions ti weight per-
cent fuel. The exponent ne is also shown.

Given in figure 4 are the curves for coefficient of thrust for pres-
sure ratios from 10 to 1500 as functions of weight percent fuel.

Figure 5 presents curves of molecular weight and characteristic
velocity as functions of wei@t percent of fuel. Also shown is tk ex-
ponent nc*.

Effect of solid graphite. - The theoretical calculations of equili-
brium composition in.the combustion chamber showed that solid graphite
was not present for the equivalence ratios of 1 to 1.6 (weight percent
fuel, 14.83 to 21.79) and was present for equivalence ratios of 1.75 to
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4.00 (weight percent fuel, 23.35 to 41.05). The appearance of solid
graphite and carbon-fluor~e compounds affected the values of the thermo- ,,

-C P=ters and res~ted in a brex in tk performance data in the
region of 23 weight percent fuel. This break in the performance data is
apparent in figures 1 to 5.

Chamber--ssure Effect

According to data of reference lfl,the logarithms of the parameters
I, T, e, and c* are nearly linear with the logarithm of chamber pres-
sure for a fixed equivalence ratio and pressure ratio. This linearity
permits the data to be correlated by means of exponents according to the
folluwing equations:

“1=6’WLC,,
A log T~=(

c)Alog Ppp
J

(16)

(17)

Equations (16) to (19) may be written as

p%

I
(1)

c
‘Ilr

c,

p%

(1)c
T’TIF-

C,

ne
P

()

c
‘=&lr

C,l

.. nc*

Pc

(1)
c*=c*—1 PC)

(20)

(21)

(22)

(23)

,,

@3mlmENwkb

.-— —
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.

where PC)~ may be selected to be either 300 or

inch absolute provided that I1} Tl> ~> -d c?
values for the chauiir pressme selected.

600 pounds per square

are the corresponding

The data of tables II andVwe~ used in equations (16) to (19) to
calculate exponents which are also shown in the tables and are plotted
in figures 1, 2, 3, and 5.

To illustrate the use of these exponents, suppose it is desired to
obtain the value of specific impulse for a chamber pressure of 450 pounds
per square inch absolute and a pressme ratio of 30.62 (exit pressure, 1

.

atmosphere) for an equivalence ratio r of 1.5 (20.71 weight percent
fuel). From figure l(b) or table V(b), the value of I at this pressure
ratio and equivalence ratio (but for a chamb”erpressure of 300 lb sq in.

(abs) is 289.9 and tbe value of nI is 0.0185. mom equation (2O ,

= 289.9 (1.0075)

= 292.1

A comparison of the parameters obtsined by means of the @amber-pressure
correlation and by a direct calculation for two examdes is @ven in the
following table (r . 1.5j 20.71 weight percent fuel); -

Parameter ‘ Pc, 450 lb/sq in. abs
Pe, 1 atm

Estimated bylDirect
]correlation Icalculation

I 292.08 292.12
Tc 4423.7 4424.1

Te 1910.9 1910.8
& 4.107 4.101
C* 6505.8 6506.2

Error

0.04
.4

.1

.006

.4

PC) 1200 lb/sq in. abs
Pe, 1 atm

Estimated by mrect Error
correlation calculation

320.61 320.53 0.08
4616.0 4613.4 2.6

1568.5 1567.4 1.1
7.956 7.948 .008

6617.8 6615.9 1.9

It is expected that values estimated for other equivalence ratios
and pressure ratios will have small errors of the order of magnitude
shown
value
solid

in the previous table. A possible exception might occur when the
of the exponent is changing rapidly such as in the region when
gxaphite first appeaxs.

US====== ‘ +

-. . .. ——. — ———— —— ———. -——- -- —-. _ .. —. —...
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A theoretical
oxidant containing

LSUMMARYOF RESULTS

investigation of the performance of W-4 fuel with an
70.37 percent liquid fluorine and 29.63 percent llq-

uid oxygen by weight was made for the
lence ratios from 1 to 4, (2) chamber
square inch, (3) pressme ratios from
tion during expansion.

The results of the investi~tion

following conditions:- (1) equi;a-
pressures of 300 and 600 pounds per
1 to L5C0, and (4) frozen composi-

are as follows:

1. The -mum values of specific impulse for chamber pressures of
600 and 300 pounds per square inch absolute (40.83 and 20.41 atmospheres)
and an exit pressure of 1 atmosphere were 301.1 and 278.2, respectively,
at 20.7 weight psrcent fuel.

2. The data presented in this report petit interpolation of com-
plete performance data for any eqtival..enceratio from 1.00 to 4.00, cham-
ber pressure from 150 to 1200 pounds per square inch absolute, and pres-
sure ratio up to 1500.

Lewis Flight Propulsion Laboratory
National Advisory Comudttee for Aeronautics

.

Cleveland, Ohio, Janq 23, 1956
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TABLE I. - PROPERTT3S OF LI@ID OXOIANTS

Property Oxygen, 02 Fluorine, F2

Molecular weight 32.00 38.00

Density, g/cc al.1415 bl.54

Freezing point, ‘C C-218.76 C-217.96

Boiling point, ‘C C-182.97 C-187.92

Entbalpy required to-convert %.080 %030
liquid at boiling point to
gas at 25° C, kcal/mole

Enthalpy of vaporization, c7el.630 Cf
‘ 1.51

kcal./mole

Edthalpy of fusion, “g.106
c,h

.372
kcal/mole

aAt -182.0° C; ref. X5.

bAt -196° C; ref. 16.

cRef. 13.

%ef. 7.

‘At -182.97° C.
f
At -187.92° C. -

‘At -218.76° C.

‘At -217.96° C.



TABLE II. - TE2RWDYWAKIC PROPERTIE8 OF C+A92S Iti CCM80STION CHAK8ER FOR JP-4 FOIL WITH

OXIDANT CC+fTAJN~ 70.37 PEECW FLUORIWE AND 29.63 PERCENT OXWEW BY WKIORT

Percent Oxide.nt- Equlva- Temper- Temperature MOlecu- Enthalpy, Entropy, Speaiflo 16en- oharBoteP- Ohe.rao -
fuel by to-fuel lenoe ature, exponent, 18X h, heat at tropio iBtj.0 ve- teri8-

welght weight ratio, T, weight , 0‘Q/S
ratio,

oal/&) (°K) Oonetant exponent, loclty tio ve-

0}’ #-&# % ~$)g “ ~ ‘a)

premure, expcment, 100;%Y,

‘p’ *)8 &, (b)

“a?($) ( (b)

r:/iea

06 0

(b) (b)

14.83

L9 .60

ao.7i

al .79

30.33

14.8S

17.07

19.60

ao .71

21.79

a3 .35

25.83

30.33

34.31

41.05

5.743

4.102

3.0a9

3.589

1.00

1.40

1.50

1.60

s.s97/a .50

5.743

4.595

4.102

3.ea9

3..589

3.a aa

8.072

2.297

1.914

1.436

1.00

i.as

1.40

1.50

1.60

1.75

2.00

a.50

3.00

4.00

4007

4464

4479

4396

3098

S910

4a38

433a

4J46

4267

4163

4067

381s

3552

3095

Ccimbuation-ohember pretmwe, 600 lb/8q in. abs

0.0354 aa. a4 a59a. o a.5a30 0.365 i.3a4 0.0147

. 04s1 al. ao 3064.9 a. 6853 .397 1.309 .0174

. 0434 ao .95 3175.0 a. 7230 .404 1.307 .0174

. 0431 ao .97 3ae8. i a. 730a .414 1.a97 .0172

. 0319 ao.4i. 41a8.8 a. aloo .485 1.a5i .0118

Combuatlo

0.0354

. 0407

. 0431

.0434

. 0431

.0365

. 0354

.0319

.0’264

.oi4a

-chamber

aa. io

ai.4s

ai. os

20,7B

20..90

ao .75

ao .55

ao. a6

ao .04

19.59

WIhe base “LlBr5dfOr enthalpy in given In referenoe 7.
bp~weter b!med cm frozen C0mp091ti0n.

preflmre,

259a. o

a893.9

3064.9

3175.0

3a8a.1

3437.3

368a.7

4128.8

45as.9

5192.5

00 lb/8q in. ab~

a.585L 0.364

2.6958 .3e4

2,7505 .396

a. 7798 .403

2.796a .41a

a. 8146 .4a6

a. 8399 .447

a. 8777 .484

a.9oa5 .516

a.9a67 .565

i.3 aa

1.318

1.314

1,311

1,302

1.a90

1.276

1.a54

i.a38

i.ai9

.0147

.0165

.0174

.0174

. oi7a

. 0135

.0131

. 0118

. 0097

. 0053

3995

1
5974

6484

6539

6491

62’77

591s

6a66

6406

6460

6414

P
m.
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TABLE III. - !IHEOREIT.CALFHWORHANCR AT AS910NX0 IGZT ~ FOR JP-4 FUEL !41TH OXIDANT CONTAINING

70.37 PERCENT FLJJORIN2AND 29.6S PERCENT OXXUE?JBY HSIOET

kzen oempo.ltlon during isentr.plc expansion or compresslonJ

(a) ComMtion-ohamber pressure, 600 pounds par square inoh absolute.

Teaper- Pre86ure, Enthalpy, Isan-
almre, P,

.&g
troplo

T, lb/8q in. exponent,
‘% ,bB Y

3Peai_fi0
~eat at
>*tant
?res:ure,

il/(gyi%)

coeffi-
cient of
viOOOB-
ity, y,
miOrO-

poiaea

Coeffioierlt
of themal
conductiv-
ity, k,

[
aal/ see)
(cm) %)

Ratio of cOaffi- SpeOi-
nozzle oient of fic im-
area to tbrwt, pt+se,
throat cm

I I I

r . 1.03 L4.85 pement fuel

m 1.3678 1583
.3648 1474
.3615 1361

1246
:;:;: 1126
.3400 1001

------
5.53
1.03
1.04
1.27
1.74

-------- -------
0.082 15.3
.611 113.5

1:::: :;::;
1.204 223.6w 2.63

4.47
8.91

17.58
44.90 m

19.EQ peroent

7

99 1
61 1

1
:: 1
48 1
98 1

fuel by

1

664
557
449
337
222
102

86
80
74
68

::

------
2.02
1.02
1.04
1.25

-----.- ------
0.233 46.9

::;5 ;:::;
1.029 207.4
1.178 237.3’

.000
000

:0002800 I 86.912 12417.811.328 1.65

1
1.307 263.5
1.424 286.9
1.528 307.9
1.623 327.0
1.6$8 340.1
1.748 352.3

4800
4400
4000
3600
3200
28oO

2400
2000
1600
1200
900
600

r . 1.50

T
3305.1 1.304
3142.9 1.307
2982.2 1.311
2823.0 1.315
2665.3 1.319
2509.6 1.325

20.71 pem t fuel by weight)

806.49
556.04
371.36
238.65
146.31
84.568

).4074
4035

:4000

::;;:
.3868

1647 0.00087
1542
1434 ::::::
1324 00068
1209 :00062
1092 .00055

-—- -_-— ------
1.03 0.260 52.8
1.01
1.05 ::2; :::::
1.27 1.036 210.6
1.68 1.184 240.6

~
t fuel by weight)

~

45.339
21.998
9.289
3.180
1.134
.279

2356.1 1.332
2205.5 1. 342
2058.9 1.357
1917.3 1.377
1815.3 1.397
1716.7 1.415

21.79 pert
).4136

4098
:4057

:::;:
.3889

.3800

.3683

::2:;
.3288

818 00041 3.85 1.431 288.7
688 :00033 6.92 1.539 310.4
548 00026 14.59 1.636 330.0
435 :00020 30.11 1.703 343.5
312 .00014 80.83 1.764 356.0

30.33 pert

).4868

::::;
4668

:4577
.4460

t fuel by weight)

T

1570 0.00096
1447
1321 ::::!:
1190
1055 ::::::
913 .00052

r . 2.50

1.250
1.254
1.258
1.264
1.270
1.279 T

-----—------
0.574 112.0
/876 170.8

1.094 213.4
1.273 248.3
1.426 278.2

682.17
404.11
226.76
118.92
57.201
24.541

8’.984
2.593
.793
.161

4000
3600
3200
2800
2400
2000

1600
1200
900
600

4178.2
3984.6
3793.6
3605.3
3420.4
3239.5

3064.1
2895.7
2775.2
2660.2

--—---
1.04
1.08
1.44
2.20
3.82

7.62
18.40
43.10
135.7

1.292
1.311
1.330
1.353 M m

-.— __—.___—_ . . .. . . .— ..— —.—— .——
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.TABL2 ~. - Contituled. TBmR5TIcAL ~CS AT ASSIONED EXIT ~lp~m YOFlJP-4 FUEL HITE OXIDANT

CONTAJNIN3 70.37 PE+C2NT FLOORINS AND 29.63 PERCENT 0X!cU2NBY H210ST

ll+rozen.omposltlon during isentroplc expansion or ompresslonJ

(b) CumMstion-aham&r pressure, 303 paund6 per square Inah abaolute.

Temper- Preaaure, 2nth.41py, Isen- SpeOti10 Coeffi- COeffloient
ature, P, h, tlvplo heat at
T, lb/8q In.

Oient of Or thermal

%
cdE exponent, Oonstant visoOs- OOndUatlv-

abs . r premure, ity, u, ity, k,

T

miOrO-
[

cal/ see)
cal/(; {%) poises (am) %) m

4000
360 O
3200
2800
240 O
aooo

1600
1;::

600

14.83 percent fuel by weight)

m —---- -------- ------
1.08 0.538 9e.9
l.oa
1.21 1::;: ;;:::
1.63 i.17e a16.5
a.44 1.3ao a4a.6.3410 I e7a I .00040

9.36a I 17 S0.7 tl .372 .331e 734 00033 4.11 1.446 a65.7
5e7

:;:::
:00025 e.11 1.557 ae 6.2

467 .00020
.3014

15. ee 1.634 300.3
337 .00014 40. a2 1.705 313.3

17.S7 Deroent fuel b weight)

0.00079
00073

:00067

:::$; :
.0004e

::::; $
oooa6

:oooao
.00014

3.300 1650.3 1 .391-
1.ao5 1555. e 1.408
.304 1464.1 1. 4a5

r - 1.25

4400
4000
3600
3aoo
aeoo
a400

350.51
236. le
153.24
94.935
55.513
30.146

14. e39
6.36S
a. 220
.eo4
.aol

a956.1
aeoa.7
a650.5
a499.9
a351. o
2204. ar1.3161.320

1.3a4
1.329
1.334
1.341

1576
1466
1353
1236
1;;;

e60
723
576
45e
329 _l-

---------
0.457 e9. i

747 145.5
:951 ie 5.2

1.116 a17.3
1.25S 245.0

i.3e3 a69.3
1.495 291.2
1.596 310.8
1.665 324.2
1.729 336.7

------
l.le
1.00
1.13
1.44
a.oa

aooo
1600
1200
900
600

r - 1.4C
4400 3ao..ll 3091.7 1.313
4000 214.99 2933.e 1. 317
3600 13e.99 2777.4 1.320
3aoo e5.770 a62a.4 1.325
aeoo 49.937 2469.3 1.331
a400 a6.9e6 a31e.4 ~.33e

2000 13.all 2170.3 1.34e
1600 5-635 aoa5.9 1.362
laoo 1.951 lee6.5 ~.3e3
900 17e5.e 1.4oa
600

~;;:
16ee.5 ~.4ao

r - 1.5C

4400 315.85 3196.5 1.310
4000 211.5e 3035.7 1.314
3600 136.41 2ei’6.3 ~.3~e
3aoo e3.916 a71e.5 1.3aa
aeoo 4e.6e9 a56a.6 1.32e
a400 26.a13 240e.9 1.335

2000 la.77e 225e.1 1.345
1600 5.424 2111.1 1.359
~aoo 1.e6e 1969.a 1.3eo
900 .670 %S66.9 1.399
600 .166 176e.o 1.41e

m 3.11
5.36

10.79
21.4a
54.92

19.60 peraent fuel by weight)
).3963 1555 o.000eo ------ --—---- -------
.39a9 1447 l.oe
.3e93

0.536 lo6. e
1335 ::::2; 1.01 794 15e. a

.3e52 laao 00061 I.le

.3e02
~9S6 196. a

1101 :00055 1.53 1.143 227.6
.3741 97e .0004e a.16 I.aeo a54,9

4u14iMM
20.71 percent fuel by weight)

m

-L-
1.401 a79.o
1.510 300.7
1.6oe 3ao.a
1.676 33>.6
1.736 346.1

1
—------
0.548 110.1

:;:: :$;::
1.150 230.e
i.ae6 25e.2

1.407 2e2.5
1.515 304.3
1.613 323.9
1.6eo 337.4
1.743 349.9

3727
:3617
.3473
3351

:3246 w
r . 1.60

T

3337.2 1.300
3~7a.5 1.304
3009.3 1.3oe
2e47.e 1.312
26ee.3 1.31e
2531.3 1.325

21.79 pera
1.4137
.4099

:::;:
.3959
.3e92

3e05
:3690

:;:;;
.329e

ntfuel
i49e
1394
lae7
1177
1062
944

e19
6e9
549
436
313

4400
4000
3600
3200
aeoo
a400

--—-- I -------- I---.---34a .74
a27. a9
144.97
ee .148
50.49e
26. S06 N_

1.13 0.490 97.6
1.01
1.17 :;:; :;:::
1.53 1.140 227.3
2.19 1.aS2 255.6

3.47 ~.4oe 2eo.6
6.16 1.520 303.0

12.e7 1.621 323.1
26.34 1.690 336.S
70.06 1.754 349.6-L_

2377.2 1.335
2a27.2 1.350
2oea.5 1.370
197e.3 ~.3e9
le77.7 1.4oe

2000
1600
laoo

900
600

la.e60
.-5.360

1.eo6
635

:153 .
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TAB= III. - Cmuluded. T2ElWTICAL PERFORMANCE AT ASSIOHED EXIT ~ FOR JP-4 FUEL WITE O~DA?lT

CONTAININ3 70.37 PERCENT FLUORINE AND 22.63 PSRCSNT OXYO~ BY !4SJJ3EIT

~en ccmp.sltl.n during I.entr.p<c expanai.n or cumpressi.n.]

(b) Con.luded. C@nbuBtion-ch8mberpressure, 3@3 pounti per equara inch absoluta.

1

.

Tmper- Preawre, mthalpy, Isen-
ature, P, tropic
T, lb/sq in.
OK

‘& exponent
abe r

SpecLfiO
heat at
Oonstant
premure,

ti/;&K

COeff1-
alant of
vls008-
ity, u,
micrO-
p018ea

Coefficient
of themal
oonduotlv-
Ity, k,

[
cal/ sea)
(Ore)%)

Ratio of cOeffi- SpeOi-
nozzle olent of fic lm-
area to thrust, mlae,
throat Cp
ares, lb-s:o~l

E

r - 1.75 (23.S5 percent fuel by weight)

4400
‘4000
3600
3200
aeoo
a400

2000
1600
Laoo

900
600

384.10
251.27
157.88

3538.7
3368.0
3199.1

1.288
1.291
1.295
1.300
1. 305
1.313

0.4287
.4245
.42o1

94.453
53.154
27.661

3032.1
2867.1
2704.8

.4151

.4093

.4021

12.977
5.270
1.721
.588

2545.8
2391.0
2241.9
2134.6
2031.3

1.322
1.336
1.356
1.375
1.395.137
r - 2.00 (25.83 em

T

1.273 0.4509
1.277 4463
1.281 :4414
1.285 4360
1.290 :4296
1.297 .4218

4400
4000
3600
3200
2800
a400.

1. 307 4118 856 3.60 1.414 278.8
1.320 :3985 718 ::::;; 6.74
1.340

1.537 303.1
.3809 571 .00029

1.359
15.04 1.647 324.7

452 .00022 32.76
1.381 ::::: 324 .00015

1.721 339.4
94.16 1.790 352.9

r = 2.50 (30.33 pert

T

1.252 0.4870
1.256 4811
1.261 :4746
1.266
1.272 :::::
1.281 .4466

ntfuel by weight)

m

0.00096
00087

:00079
.00070

:::::$

4000
3600
3200
2800
2400
2000

380.10
226.01
127.33
67.071
32.416
13.982

4219.5
4025.9
3834.7
3646.3
3461.2
3280.2

1572
1449
1323
1192
1056
914

---—-
1.11
1.04
1.35
2.03
3.48

------- -—-----
0.489 94.6

1:::; :::::
1.246 241.0
1.404 271.7

1600 5.150 3104.4 1.294 4314 766 00042
1200 1.497

6.89
2935.7 1.313 :4111

1.543 298.6
608

900 460
:00032

2815.0 1.332
16.46 1.665 322.2

:094
481 38.25

600 2699.7 1.355
1.747 338.1

:?;2: 343 :::::; 119.4 1.822 352.6

r = 3.00

3600 321.49 4548.5 1.238
3200 174.87 4343.3 1.242
2800 88.626 4141.4 1.247
2400 41.031 3943.2 1.254
2000 16.858 3749.5 1.262
1600 5.868 3561.8 1.274

1200 1.595 3381.9 1.293
900 461 3253.5 1.311
600 :088 3131.3 1.335

:34.31ueroent fuel by weluht)

T
0.5165 1508

1376
::;:; 1240

1099
::::: 952
4605 797

-.
0.00097

::::;;
.00068
.00057
.00047

-----— -------- -----
1.00 C. 664 125.4
1.19
1.79 1: :$: 2:::2
3.14 1.376 259.6
6.47 1.534 289.3

4377
:4182
.3955 E-LEE

r - 4.00

1.218
1.223
1.229
1.a37
1.248
1.266

1.283
1.307

[41.05per.

0.5675
.5572
.5451
.5298

:::;:

4604
:4319

nt fuel

ZzFT
1316
1167
1012
849
675

535
383

weight )

5252.2
5027.2
4806.7
4591.6
4383.4
4184.4

4042.9
3908.8

3200
2600
2400
2000
1600
1200

361.70
172.55
74.676
28.424
9.056
2.214

--.---- -------
1.00 0.670
1.30 1.023
2.28 1.277
4.92 1.482

13.53 1.654

------ .
119.9
183.2
228.7
265.3
296.2

316.3
334.2J&-L&2 00031

:00021

— -.—. —...— .—. —— -.—. ——.—— -——-———— -
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TABLE IV. -

FOR JT-4

THEOREX’ICAL PERFORMANCE AT ASSIGNED =ANSION RATIOS FROM 1 TO 8

FOEL WITH OXIDANT CONTAININff70.37 PERCENT FLUORINE AND 29.63

PERCENT OXYGEN BY WECORT

~~ozen composition &ing Isentroplc expanalon~

(a) Corabu8tion-chamber pressure, 600 pounda per square Inch ab~olute.

Pres- Pressure, Temper- Enthalpy, Is en-
sure

Specific Ratio of Coeffl- Speol-
P, ature, h, tropic heat at nozzle cient of fic lm-

ratlo, lb/8q In. T,
P@

cal/g
%

exponent, constant area to thrust , pu;se,
abs ‘-t’ pressure, throat CF

CP’ area, lb-;ec/
lb

CW$) ‘

r = 1.00 (14.83 percent fuel by ~ielght)

1.00 600.00 4007
L.02

2592.0 1.32’4 0.365 --------
500.24 3988

-------- -------
2584.9 1.325 365 3.433 0.134

1.04 576.92 3969
24.8

2578.0 1.325 :365 2.478
L.20

34:9
500.00 3832 2528.1 1.326

L.54
:;::

388.99 3602
74.5

2444.8 1.328
L.85

::% ;::;:
324.15 3443

.610 113.2
2387.4 1.330

2.31 259.33 3257 2320.6 1.332 :;:: ;:::; ::;; ::?:$
$.00 150.00 2839 2171.7 1.338 354 1.243 1.030 191.2
3.00 75.00 2380 2010.5 1.346 :348 1.772 1.211 224.9

r= 1.40 (19.6O percent fuel by we3.ght)

L.00 600.00 4464 3064.9 1.309 0.397
L.02

-------- -------- -------
588.24 4443 3056.6 1.310 .;; ; ;.::; 0.133

L.04
26.8

576.92 4423 3048.6 1.310
20 500.00 4275

37.7
2990.2 1.311

::’53
:395 1:288

390.93 4032
:::: 80.6

2894.5 1.313
325.77 3860

604 121.8
2827.0 1.315 ::;: ::::: :714 143.9

i:% 260.62 3659 2748.4 1.317 823 165.9
i.oo 150.00 3201 2571.1 1.322 :;:: ::$:: 1:029 207.3
).00 75.00 2700 2379.8 1.329 . 378 1.790 1.212 244.2

r - 1.50 (20.71 percent fuel by weight)

..00 600.00 4479 3175.0 1.307 0.404 -------- ----.--- -------
588.24 4459 3166.6 1.307 404 3.417 0.133

:::: 576.92 4438
27.0

3158.4 1.307
L.20

:404 2.467
500.00 4291

38.0
3099.1 1.308

L.53
403 1.287 :::: 81.2

391.30 4050 3002.2 1.310
L.84

:400 1.028
326.07 3878 2933.6 1.312 :::: :{::!

2.30 260.87 3677 2853.7 1.314 :;:; ;::::
$.00 150.00 3219 2672.9 1.319 392 1.251 1:028 209:0
3.00 75.00 2719 2478.1 1.326 :386 1.794 1.212 246.2

r= 1.60 (21.79 percent fuel by tielght)

L.00 600.00 4396 3282.1 1.297 0.414 ------- -------- - ------
L.02 588.24 4376 3273.8 1.297 413 3.408 0.133
L.04 576.92 4357

26.8
3265.8 1.298

L.20
:4-13 2.461 37.6

500.00 4216 3207.7 1.299 :$:$
392.53 3987

80.4
3113.6 1.301 ::;; ;:::$

:::; 327.10 3822 3046.2 1.302
?.29

.408 1.000
261.69 3628

;;;: ;:;:;

2967.4 1.304 .406 1.028 820 165.5
i.oo 150.00 3184 2788.1 1.310 401 1.255 1:028 207.3
).00 75.00 2699 2595.3 1.317 :394 1.805 1.212 244.5

r. 2.50 (30.33 percent fuel by weIght)

600.00 3898 4128.8 1.251 0.485 ------- ------- -------
:::; 588.24 3883 4121.3 1.251
..04 576.92 3868

485 3.366 0.131 25.5
4114.0 1.251 :485 2.432 .184 35.9

500.00 3758
%

4060.9 1.252
398.77 3590 3980.0 1.254 :::: ;::;; :2:$ 1;;:;
332.31 3460 3917.4 1.255 .479 1.000

i::: 265-85 3306
.695 135.6

3843.9 1.257 476 1.029 807 157.5
150.00 2938 3670.1 1.262

‘:::
:470 1.277 1:024 199.8

75.00 2542 3485.5 1.268 . 461 1.866 1.213 236.6

“

a
At throat.

‘~

.————— —
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TABLE IV. - Continued. THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FROM 1 TO 8

FOR JP-4 FUEL WITH OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.63

PERCENT OXYGEN BY WEIGRT

~fiozen composition during Isentropic expansion~

(b) Combustion-chamber pressure, 300 pounds per square Inch absolute.

Pres- Pressure, Temper- Enthalpy, Isen- Speciflc Ratio of Coeffi- Specl-
sure P, ature, h, tropic heat at nozzle
ratio, lb/sq in. T,

cient of fic im-

PJP ‘%
cal/g expcment, constant area to thrust ,

abs
pulse,

Y pressure, throat + I,
Cp, area, lb-see/

lb

caiG7) c

r = 1.00 (14.83 percent fuel by weight)

3910 2592.0 1.328 0.364 ------- -------- --------
3891 2585.0 1.328 364 3.436 0.134
3872

24. t
2578.2 1.329 :364 2.480

3738
.188 34. t

2529.3 1.330 .362 1.293
3510

402 73. C
2447.1 1.332 361 1.028

3354 2390.9 1.334
:611 112. :

:359 1.000 720 132. :
3171 2325.4 1.336 357 1.027
2762

:829 152.2
2180.0 1.342 :353 1.242 1.030 189. :

2311 2022.3 1.350 . 347 1.767 1.211 222.6

r= 1.25 (17.87 percent fuel by weight)

4238 2893.9 1.318 0.384 ------- ________ --------
4218 2886.1 1.318 384 3.427 0.133
4198

26.C
2878.6 1.318 :;:; ;.;;;

4055
.187 36.E

2823.9 1.320
3818

.401 78.1
2733.1 1.322 :380 1:028 607 118.2

3652 2670.1 1.323 379 1.000
3457

:717 139.6
2596.6 1.326 :377 1.027

30i,8 2432.0 1.331 373 1.246 1::;; ;::::
2537 2254.1 1.339 :366 1.780 1.211 235.S

1.00
1.02
1.04
1.20
1.54

~.;;

4:00
8.00

300.00
294.11
288.47
250.00
194.24
161.86
129.50
75.00
37.50

1.00
1.02
1.04
1.20
1.54

~1.e5
2.31
4.00
8.00——

300.00
294.11
288.47
250.00
194.91
162.42
129.94

75.00
37.50

T
1.00
1.02
1.04
1.20
1.54

%.84
2.31

300.00
294.11
288.47
250.00
195.19
162.66
130.13

r = 1.40 (19.60

m

4332 3064.9
4312 3056.8
4292 3048.9
4148 2991.9
3908 2897.7
3740 2831.9
3543 2755.1
3096 2582.5
26o7 2396.2

percent fuel by weight)

m

1.314
1.314
1.314
1.315 1

----------
0.133 26.5

187 37.3
:400 79.7

:% ;::::
. 825 164.2

1.029 204.9
1.212 241.2

394 1.289
:392 1.028

:$:; ::::;

1.317
1.319
1.321
1.326
1.334-&&l 75.00

37.50

r. 1.50 (20.71

7

3175.0
3166.8
3158.8
3100.8

percent

1.311
1.311
1.311
1.312

1.00 300.00 4346
a94.11 4326
288.47 4306
250.00 4162
195.38 3925
162.82 ‘3757
130.25 3560

75.00 3113
37.50 2625

1-------- ------- .
1.02
1.04
1.20
1.54

‘1.84

0.133
.187
m;

714
:824

26.7
37.(
80.Z

3005.5
2938.6
2860.5
2684.6
2494.9

1.315
1.316
1.318
1.323

2.30
4.00
8.oO L1.029

1.212
391 1.249

:385 1.788

percent by weight)

1.302
1.302

1.331

1.60 (21.7!

3282.1
3274,0
3266.1
3209.3

3?9

4267
4247
4228
4090
3864

1.00 300.00
1.02 294.11
1.04 288.47
1.20 250.00
1.53 195.99

‘1.84 163.32

--------
3.412
2.464
1.286
1.029
1.000

-------- ------- .
26.:
37.2
79.6

119.s
141..E
163.7
204.S
241.5

O::;;

.399

. 602

1.302
1.303
1.305
1.307
1.309
1.314
1.321

3116.8
3050.9
2974.o
2799.4
2611-5

37o2
3513
3079
2605

1.027
.400
.393

1.253
1.799

aAt throat.

.—._. ..— ._—— .. . _.__——.— -. .—
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TABLE IV. - Concluded. THEORETICAL PERFORMANCE AT ASSIGNED EXPANSION RATIOS FRON 1 TO 8

FOR JP-4 FUEL WITR OXIDANT CONTAINING 70.37 PERCENT FLUORINE AND 29.63

PERCENT OXYOEN BY WEIGHT

[Itmzen composition during isentropic expanslon~

(b) Concluded. Combustion-chamber pressure, 300 pounds per square Inch absolute. u’)
m
m
N-)

I
Pres- Pressure,

sure P,
ratio, lb/sq In.
Pc/P abs

Temper-
ature,

T,
OK

Enthalpy,
h,
cal/g

ken- Speciflc
;ropic heat at
!xponent, constant

‘1’ pressure
c n,

Ratio o
nozzle
area to
throat
area,

c

Coeffi-
cient oi
thrust,
CF

Speoi-
fic im-
pulse,

1-

r = 1.75 (23.35 percent fuel by weight)

1.00
1.02
1.04
1.20
1.52

‘1.83
2.29
4.00
8.00

300.00
294.11
288.47
250.00
196.76
163.96
131.17

75.00

4163
4144
4126
3995
3785
3631
3451
3034

3437.3
3429.4
3421.7
3366.1
3276.9
3212.2
3136.6
2963.2

1.290
1.290
1.290
1.291
1.293
1.295
1.297
1.302

0.426
.426

--------
3.402
2.456
1.283
1.029
1.000
1.028
1.259

--------
0.132
.186

:%

::;:
1.027

-------
26.2
36.8
78.7

118.1
140.0
161.8
203.1
239.6

.426

.424

.422

.420

.418

:::237.50 2580 2777.3 1.309 1.212

r = 2.00 (25.83 percent fuel by weight)

1.00 300.00 4067 3682.7’ 1.276 0.447 -------- -------- -------
1.02 294.11 4050 3674.9 1.276 .447 3.389 0.132 26.0
1.04 288.47 4033 3667.3 1.276 .447 2.448 .185 36.6 ,,
1.20
1.52

‘1.82
2.28
4.00
8.00

1.00
1.02
1.04
1.20
1.51
1.81
2.26
4.00
8.00

250. OOI391O 3612.4 1.2771 . 44511.280 78.2
197.68 3715
164.74 3569
131.79 3399

75.00 2999

3525.8
3461.6
3386.5
3212.3
3026.1

1.279 .443 1.030
1.281 .441 1.000
1.283
1.288 :::; ;:%
1.294 . 425 1.832

116.8
138.7
160.5
202.3
239.037.5012565

,50 (30.33

4128.8
4121.4
4114.2

percent fuel by weight)r.

T
300.00 3813
294.11 3798
288.47 3783
250.00 3675
199.17 35o8
165.98 3380
132.78 3228
75.oO 2866
37.50 2476

1.254 0.484 --------
1.254 .484 3.369
1.254
1.255 :::: ::%
1.257
1.258 :’% :::::
1.260 .475 1.029
1.265 468 1.276
1.271 :460 1.862

-------
0.131

.184

:2:2

:;:;
1.024
1.213

-------
25.4
35.7
76.34061.9

3981.8 113.1
134.7
156.3
198.2
234.7

3920.2
3847.9
3677.4
3496.0

r = 3.OO (34.31 Dercent fue”lbv weiuht)

1.00
1.02
1.04

300.00
294.11
288.47
250.00
200.26
166.89
133.51

75.00
37.50

3552
3539
3526 I4523.9 1.238 0.516 --------

4517.0 1.238
4510.2 1.238 :% :::;;

--------
0.130

.183

--------
24.6
34.6
74.1

109.2
130.4
151.6
193.0
228.9

i.20
1.50
1.80
2.25

3430
3286
3271
3036
2709
2357

4460.8
4307.0
4328.6
4259.9
4095.8
3921.9

1.2391 . 51311.270 393
:579i.24i : 511 1.031

1.242 .508 1.000
1.244 .506 1.029
1.248 .498 1.284
1.254 . 489 1.884

:;:;
1.023
1.213

4.00
8.00

r= ,00 (41.05 percent f

~

el by we

0.565
.565
.564

ght)

1.00
1.02
1.04
1.20
1.49
1.79
2.23
4.00
8.00

300.00
294.11
288.47
250.00
201..60
168.00
134.40

75.00
37.50

3095 --------
3.336
2.410
1.265
1.032
1.000
1.030
1.294
1.912

------- -
23.2
32.7
70.0

102.4
122.6
142.9
183.0
217.4

3084
3073
2995
2880
2786
2675
2402
2109

5180.2
5136.2
5072.1
5019.7
4957.8
4807.7
4649.3

1.219
1.220
1.222
1.223
1.224
1.229
1.234

.562

.559

.557
554

:545
.534

.

aAt throat.

- . ----
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TmLEv.- THEORETICALPERFORMANCE AT ASSIGNED PXPANSION RATIOS FROM 10 TO 1S30 FOR JP-4 FUEL WITE

OXIDANT CONTAINJ.N1370.37 PEfiOENT FLUORINE AND 2S .63 PERCENT OXYUEN BY WEIGHT

[frozen composition during Imentroplc expan8ion~

(a) Combustion-chamber pressure, 600 paunda per square Inch absolute.

m~l
.,

r - 1.02(l&.e3prrcentruelby Melgbt)m
[

::
20
>0
40

;:
100

150
aoo
300
400
600
800

1000
1s00 L

11.42
13.8s
18.20
a2. lo
a9. oO
35.35
41.14
54. al
mi&ht)
2.04
a.60
::;;

4.88
6.36
7.73
e.98

0.0157 1.601 0.0167 297a
.0147 l. fi aa .0168 301-1
.0160 1.648 .0170 306.0
.0169 1.66s 309.1
.Olua 1.686 ::::: 313.0
.0190 1.699 .0175 315.4
.0196 1.7013 .0176 317.2
.Oaofi 1.7a4 .0177 3ao. i

r

1.259 0.:;;: a53.8
1.s35 269.1
1.383 :0181 a7e.7
1.44a .0184 e90.5
1.478 0186 297.9
l.sas :0189 :::. ;
1.ss4 .0191
1.575 .0192 317:3

0.0048
.0061
.0070
.0084
.0094
.0109
.0120
.ola9

L
1s0
aoo
>00
400
600
800

1000
1s00

4.00
3.00
a.oo
1.s0
l:;;

.60

A

.la6a
1166
xo4a
961
e56
788
738
656 1

0 11. ea
14.36

0.014s
0156

:0171
.o18a
.0196
.0805
.021a
.oad4L

1.609
1.630
1.658
1.675
1.697
1.711
1.721
1.737 !-

0.019s
0196

:0199
.0200
.oaoa
.0204

::::2 1
S24.2
328. s
334.0
337.5
34?.0
344. e
346.8
350.1

is. si
a3 .03
30.3e
76.99
4’3.09
56.89
ielght)
2.04
a.61
3.13
4.06
4.90
6.41
7.77
9.04

0.0048
.0061
.0070
.00U4
.0094
.0109
.OIQO
.0189 T

1.259 0.0177
1.336 .0180
1.383 .O lea
1.44a .0165
1.479 .0187
1.S26 .0189
1.555 .0191
1.576 .0193 na55.9

271.5
a81.1
293.1
300.6
310.1
S16.0
3ao.3

1.610
1.632
1.659
1.677
1.699
1.713
;:::: L

0.0195
.0197
.0199
.0201
.0203
oao4

:0205
0207 1--1

3a7.2
331.7
337.3
340.8
34s.3
348a
3so. a
353.61-

11.e9 0.0145
14.46 .01S6
19.07 .ol?a
a>.al .olua
30.64 .0197
S7 .32 .0206
43.49 .0213
57.44 .0225

Welgilt)

m 1
254.2
a69.7
a79.4
a91.4
299. o
3oe 5
314 s
318 8

8
3
0
6
a

;
6

rr60.00:: 40.00
20 30.00
30 20.00
40 ls .00
60 10.00

7.50
1:: 6.0 O

L-L
1s0 4.00
aoo 3..00
300 a.oo
400 1.50
600 1:::
800

1000 .6o
1600 .40

01s4
0166
0183
0195
0211
022s
oaa9
oa43 L-L

1.615 0.0194
1.637 .0196
1.665 .0199
1.6e3 .oaoi
1.706 .oaos
1.7ao .0204
1.731 .0206
1.748 .0207-1

la90 o
1194
1070
989
884
01s’
766
602 1

12.13 0
14.78
19.5s
23.81
31.49
38.41
44. el
59,30

weight)

7

2.14 0
2.76
3.34
4.38
5.34
7.07
8.65

10.13

3a5
330
336
339
344
34?
349
35a—

rr60.00:~ 40.00
a. 30.00

‘20.00
:; 15.00
60 10.00

7.50
1;: 6.00 T

0059 1.a63 o.oiao
00s0 *.343
0057

.::::
1.394

0068 1.457
0076 1.497

:ola7
.0129

ooue 1.s48 .0131
0097 1.5eo .01s3
0104 1.604 .0134 1

246.3
262. o
a71 ..9
284.2
2? 2.0
302.0
308. >
31 .3.9

2424
aaa3
2089
191a
179s
1639
1536
14s9

mLL
150 4.00
aoo 3.00
300 2.00
400 1.50
600 1.00
800 .75

Ieoo .6o
1s00 .40

J.-329
la4a
lla8
1052
9s3
088
840
758

ls. s1
16.58
22.16
a7. a5
36.46 m A

32o.4
S25.3
331.5
335.4
340. s
343.8
346.2
350.1

.

52.66
70.52

<s.-— . ----

—— .-. --—--——- ———. ——— ——— .——---.—-.-—
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l’- v.-Cmtimti. THEORETICALFTRFORHANCEAT MSIONED EXPANSICNRATIOSFROM10 TO 1500 FOR JP-4 FOXL WITH

0~ CONTAJNINQ 70.37 PERCENT FIJJORINS AND 29.63 PERCENT OXYOKN BY WEIORT

[frozencompcaltion durios 18entropla expanalon~

(b) Combu8tlm-chamber press.m, 300 pounds per squareinoh absolute.

Pr2a-
Sure
ntlo,

pa

[14.83 Pent fuel

T

1.s5s 0.s44
1.359 .340
1.364 .337
1.s70 .333
1.>76 .329
1.383 .325
l. see
1.s92 :::;

!y weight)

T
2.01 0.00+5
2.55 .0058
3.05 m~g
3.94
4.74 .0090
6.17 .0104
? ..45 .0114
8.64 .0122

r - 1.CU

10

$:
30
40
60

1::

150
200
300
400
600
800

1000
1500

T
0.0431 1977.2

0446 1901. $
:0457 1853.(
0473 1790. :

:0485 1749. [
0501 169?. (

:0513 1664. :
0523 1640. ]

30.00
20.00
15.00
1::::

5.00
3.7s
3.00

818X
1960
1816
1629
1506
1347
1244
1168

1.258 0.01s0 231.2
1.333 0152 245. (
1.380 :0154 z53. t
1.437 .0157 .364. j
1.473 ::;:: a70. i
1.518 278. s
1.546 0163 a84. j
1.566 :0164 287. [

a.oo
1.50
1.00

:;:
.37

:::

1041
959
85>
:::

639
598
529 L

0.0539 ls 99.5
0551 1574. ~

:0S67 1541. Y
.0577 1519. s
0591 1493.C
0601 1475.f
060? 1463.4
0619 1442.S

r - l.a

T

2203.1
2117.6
2062.j
1990.7
1944.4
18.s4.5
1846.!
lexe.7

1.40C
1.40$
1.411
1.41!

0.315
.s12

:;:: -L
11.31 0.01-3?
13.71 .0147
ld.oo .0160
21.85 .:;::
se-72
34.89 :0190
40.58 .0196
53-44 .02u6 m

!y walgbt)

T
2.02
2.s.9
3.09
3.99
4.81
6.S8
7.60
.9.82

1.259
1.334
1.381
1.439
1.476
1.521
1.550
1.571 II

245.S!
259.9
a69.o
2eo,3
ae7.4
896,3
301.9
305.9

312.4
316.S
321.7
326.o
329.8
331.8
333.7
336.8

T
30.00

:: 20.00
20 15.00
30 10.00
40 7.50
60 5.00
.90 3.75

100 3.00

8397
2161
2006
1804
1671
1499
1387
1304

1166
1075
958
882
784
721
675
599 1

11.5e
14.06
18.49
22.46
29.S7
35.9.5
41.96
55.10

1.604
1.625
1.652
1.669
1.690
1.704
1.713
1.7291

1s0 2.00
200 1.50
300 1.00
400 .75
600 .50
800 .37

1000 .30
1s00 .ao 1

177s.2
1742.9
1704.4
1679.s
1648.6
162b.6
1614.2
1s90.3 ---L

1.368 0.s31
1.393
1.401 :;;:
1.406 .321
1.412
1.416 :;;:
1.41a
1.4?2 :312

m10 30.00 2465
Is 20.00 2224
ao 15.00 2066
30 1;.:: 1861
40 1726
60 5:00 1550
80 3.75 1435

100 3.00 1350

r - 1.40

T

0.0513 2342.7
0529 ?253.0

:0540 2194.7
0S57 2119.5

:0569 2070.e
0587 2008.1

:0600 1967.6
0610 1938.2

m
J
150
200
300
400
600
800

LOOO
LSOO J-1

2.00 1823
1.s0 1129
1.00 1008
.75 930
.50 828

76a
::: 714
.20 634

1977.2
1944.8
1903.4
1876.!3
1842.7
18ao.9
1805.2
1779.1 L

;.;:: 0.348

1:392 ::::
1.397
1.404 :;;:
1.40S .330
1.411 .32S
1.416 .325

21.79 pm erltfurl

~~
1.329
1.333 ::::
1.339 .377
1.s44 .374
1.3s1 .368
1.356 .364
1.360 .361

r . l.sa

2557.5
2466.5
2407.2
233o.7
2280.9
2216.7
a175.1
2144.9 1

r we t)
2.05
2.62
3.14
4.ofl
4.93
6.46
7.84
9.11

0.0051
.0065
.0075
.0089
.0100
.0116
.Olatl
.0137 T

1.260
1.3S6
1.304
1.443
1.481
1.527
1.557
1.578 1

851.1
a66.4
a75.9
ae7.7
895.2
304.5
310.4
314.6

30.00
ao.oo
15.00
10.00
7.50
5.00
3.7s
3.00 T

2467
2233
2079
1.977
1745
1571
1458
1374

O::;;:

.0180
0183

:;;:;

:0190
.0192

.

.

1
150
zoo
300
400
600
800

1000
1S00 -__I__l

2.00 la33
1-50 1141
1.00 loal

943
::; e42
.37 776
.30 7a8
.20 64S

2094.4
2061.8
2oao-o
1993.0
195e.4
1936.a
1920.2
1893.6

1.36a
1.373

0.3s.5
.;;:

:343
.339

:;;:
.331

12.00
14.61
19.2FI
a3.4s
31.03
37.82
44.10
58.31 L

0.0154
0166

:olt13
.019s
.0211

:::;;
.0243 L

1.613
1.635
1.662
1.680
1,702
1.717
1.727
1.744

0.0194

::;;;
.0201
.0203
.0204
.0206
.0207 --l

321.5
3a5.9
331.4
334.9
339.4
34a.2
344.8
347.6

1.s81
1.3e6
1.393
1.397
1.401
1.405
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‘m15m FoRn-4mJmmTsConoluded. THEOFIEI’ICAL PSSFORMANCS AT ASSIQNED EXPANSION RATIOS FROM 10

BY Wm3mOXIDANT CONTAININ3 70.37 PERCENT FKIORINS AND 2S.63 PERCENT 0X171EN

~ozen .ompositlon during isentropic e%panaion~
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TABLE VI. - THEORETICAL PERFORMANCE FOR EXPANSION TO 1 MO$OSPHERE FOR JP-4 FUEl WITH
%

OXIDANT Com!mmc+ 70.37 PEFfm%c FLuoIum m 29.63 mm oxwm BY WJ41GEY

[$770... canpositlon during Iflentropl. expanelon~

EqLliva- Percent &iidant- combus- Exit Charaotir- coeffl- ITozzle Specific

lence fuel by ta -fuel tion teqer- idlic cient area ,iqulse,

rat io, weight weight temper- ature, velocity, of ratio, 1,

ratio, ature, 1?, c*,

w

thrust, ~ lb-aec/lb

4 :5+ H o/f Tc, 0; Tt/8ec

20+F
%

OK

CheMer pressure , Ex30 lb sq in. abs (expansion ratio, 40,83)

1.03 14.63 5.743 4CX17 EM 6974 1.476 4.83 274.2

1.26 17.07 4.595 4359 1726 6338 1.480 4.91 291.5

1.40 19.60 4.102 4464 1706 64.s4 1.481 4.94 298.4

1.50 20.71 3.829 4479 1803 6539 1.482 4.96 301.1

1.60 21.79 3.589 4396 1607 6491 1.484 5.03 299.6

1.75 23.35 3.282 4269 1603 6422 1.468 5.12 297.0

2.03 25.83 2.872 4168 1016 6402 1.492 5.23 297.0

2.50 30.33 2.297 3898 1707 6277 ‘ 1.503 5.41 292.6

3.00 34.31 1.914 3618 1721 6111 1.505 5.55 285.9

4.00 41.05 1.436 3125 1555 5783 1.512 5.72 27L.8

Chmiber pressmej ?@O lb/sq In. abs (expansion ratio, 20,41)

1.(XI 14.83 5.743 3910 lsos 5913 1.383 3.09 254.1

1.25 17.87 4.595 4236 1995 6266 1.384 3.13 269.6

1.40 19.60 4.102 4332 2056 6406 1.365 3.14 275.8

1.50 20.71 3.829 4346 2073 6460 1.3S6 3.15 278.2

1.60 21.79 3.589 4267 2068 6414 L.387 3.18 276.5

1.75 23.35 3.282 4163 2061 6362 1.3a9 3.23 274.7

2.00 25.83 2.872 4067 2067 6344 1.392 3.28 274.5

2.50 50.33 2.297 W!3 2022 6226 1.396 3.37 270.2

3.00 34.31 1.914 3552 1944 6070 1.400 3,44 264.0

4.00 4J.05 1.436 3095 1760 5762 1.404 3.52 251.4
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(a)Ccmibusticm-o-r pressure, 600 pounds per .squexe inoh absolute.

Figure 1. - llheoretiual.specifio impulse of JT-4 fuel with oxidant contati~
70.37 peroent liquid fluorine and 29.63 percent liquid oxygen by weight.

l!kozen compositia during isentiopic expansicm to pressure ratio indicated.
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Figure 1. - Concluded. Theoretical specific impulse of JT-4
containing 70.37 percent liquld fluorlne and 29.63 percent
weight. Emzen composition during isentropic expansion to
indicated.
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@orient nT for uae In equation
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Figure 2. - Theoreticalcombustion-chambertemperatureand nozzle-exit temperature
of JP-4 fuel with oxidant containing70.37 percent liquid fluorine and 29.63 per-
cent liquid o~gen by weight. Frozen compositionduring Iaentropicexpansion to
pressure ratio indicated.
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Figure 2. - Concluded. Theoretical combustion-chamber temperature and nozzle-exit
temperature of JP-4 fuel with oxidant containing 70.37 percent liquid fluorine
and 29.63 percent liquid oxygen by weight. Rrozen composition during Iaentropic
expansion to pressure ratio indicated.
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(a) Ccmbuetim-chambar premure, 600 pouda per square inoh abeolute.

()
=C

Rponent nc for uee In equation c . .5W ~.

Figure 3. - Theoreticalratio of nozzle area to throat area for JP-4 fuel with cuidant con-
~ 70.37 prOent ~q- fluatie and 29.63 percent liquid oxygon by weight. ~ozen
c=oaitl~ d~4s iaen~opio expaneionto Feesure ratto idhated.
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Figure 4. - Conewded. Theoreticalcoefficientof thrustfor JP-4 fuelwith oxldentcontaining
70.37percentliquidfIuorineend 29.63percentliquidowen by veight. Frozencompmition
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Figure 5. - XhaOretical nmlsculsr we

r)

t, chsxacteristicvelmity, and exponent
Pc %*

nca for use in equa@on c* = Cuw ~ for JP-4 fuel with oxidant con-

taining 70.37 percent liquid fluorine and 29.63 p=cent liquid oxygen by
weight. ~zsn compositionihming issntropic
inaicated.

cmHmNrm?

.

expansionfrom chariberpressure

NACA.LangleyField, V..

.

.

.-
——— — .—— .


